The reliability of chronic, brain-penetrating electrodes must be improved for these -neural recording technologies to be viable in widespread clinical applications. One approach to improving electrode reliability is to reduce the foreign body response at the probe-tissue interface. In this work, silk fi broin is investigated as a candidate material for fabricating mechanically dynamic neural probes with enhanced biocompatibility compared to traditional electrode materials. Silk coatings are applied to fl exible cortical electrodes to produce devices that transition from stiff to fl exible upon hydration. Theoretical modeling and in vitro testing show that the silk coatings impart mechanical properties suffi cient for the electrodes to penetrate brain tissue. Further, it is demonstrated that silk coatings may reduce some markers of gliosis in an in vitro model and that silk can encapsulate and release the gliosis-modifying enzyme chondroitinase ABC. This work establishes a basis for future in vivo studies of silk-based brain-penetrating electrodes, as well as the use of silk materials for other applications in the central nervous system where gliosis must be controlled.
Introduction
Brain-interfacing technologies have great therapeutic potential, with applications ranging from direct neural control of prosthetic limbs [ 1 ] to augmentation of sensory inputs. [ 2 ] While fi rst generation stimulatory neuroprosthetics, such as cochlear implants, have proven effective clinically, [ 3 ] technologies that rely on chronic recording electrodes are still constrained by their lack of consistent performance. In many cases, penetrating recording electrodes can fail within weeks or months; [4] [5] [6] this lack of long-term reliability must be improved to make these technologies viable for widespread use.
This inconsistent reliability is often attributed to gliosis, the infl ammatory response in the central nervous system (CNS). [ 7 , 8 ] Gliosis is exemplifi ed by the formation of a glial scar around the implanted electrode in an attempt by the body to isolate the injury site from healthy tissue. [ 9 ] A dense accumulation of glial cells, including microglia and reactive astrocytes, act as a physical barrier between the electrode and targeted neuronal populations and this encapsulation can increase the electrical impedance at the recording site. [ 10 ] Reactive glia produce extracellular matrix molecules, such as chondroitin sulfate proteoglycans (CSPGs), that inhibit axonal growth, preventing regeneration of damaged neurons near the electrode. As the scarring progresses, the electrode becomes incapable of recording neural signals.
The large mismatch between the elastic modulus of brain tissue and conventional silicon-based electrode shanks has been implicated as a signifi cant factor contributing to chronic gliosis. Finite element analysis techniques have been used to model the large stress concentrations and "micromotion" effect that occur at the brain-electrode interface in response to indwelling, inelastic materials. [ 11 , 12 ] Mechanical stress has been shown to stimulate astrocyte reactivity and neuronal death in vitro, [ 13 ] and in vivo studies have found increased scarring and reduced neuronal density around less compliant probes. [14] [15] [16] One strategy to provide strain relief at the electrode-tissue interface is to use fl exible, thin-fi lm probes fabricated from polymers such as polyimide [ 17 , 18 ] or parylene. [19] [20] [21] [22] [23] [24] Such fl exible probes introduce an additional challenge, however, as these devices may be incapable of penetrating the surface of the brain to achieve insertion without buckling. Consequently, the incorporation of dissolvable, degradable or mechanically switchable materials has been proposed as a means to provide the necessary stiffness for insertion of the device, followed by a return to a fl exible state in the hydrated brain tissue. Readily dissolvable materials such as polyethylene glycol, [20] [21] [22] sugar, [ 25 ] gelatin, [ 26 ] polyglycolic acid, [ 27 ] and tyrosine-based polymers, [ 28 ] as well as a non-degradable composite of polyvinyl acetate and cellulose, [ 19 , 29 ] have all been explored as stiffening materials for fl exible electrodes.
Reduction of glial scarring around implanted probes has also been investigated from a biochemical approach. Studies have shown anti-infl ammatory agents such as dexamethasone [30] [31] [32] [33] [34] and alpha-melanocyte stimulating hormone [ 35 ] reduce gliosis
Results

Application of Silk Coatings to Flexible Neural Probes
A layer-by-layer casting technique was used to coat polyimide based, thin fi lm neural probes with silk fi broin ( Figure 1 A) . The probes were centered, with the electrode recording sites facing down, on polydimethylsiloxane (PDMS) molds that were fabricated using a laser cutter or soft lithography microfabrication techniques. The design of the underlying molds allowed for coatings with various dimensions and tip geometries (Figure 1 A, Top, Bottom). Concentrated silk solution ( ≈ 15% w/v) was applied to the molds by drawing a bead of solution from the tip of a pin along the length of the probe shank. This coating procedure produced silk coatings on only one side of the probe shank, allowing the recording sites on the probe to remain exposed (Figure 1 A, inset) .
The draw speed and viscosity of the silk solution, as well as the mold shape, dictated the amount of solution that adhered to the mold and probe. After drying, successive layers of silk were applied in the same manner in order to increase the thickness of the coating. For blunt tipped, 400 μ m wide molds, 3 layers of silk produced a fi nal thickness of ∼ 70 μ m on average and 6 layers resulted in twice the thickness, ∼ 140 μ m on average (Figure 1 B) . and improve neural recordings when released from the surface of penetrating electrodes. Other bioactive agents, such as the cell cycle inhibitor fl avopiridol [ 36 ] and neural cell adhesion molecule L1 [ 37 ] have also been shown to reduce scarring and improve neuron densities around implanted probes, respectively.
Though not yet widely explored in the context of brain-penetrating electrodes, controlled delivery of molecular therapeutics used to reduce the effects of glial scarring following spinal cord injury [ 38 ] may also prove useful for reducing the negative effects of gliosis around an electrode implant. The bacterial enzyme chondroitinase ABC (chABC) is well known to promote recovery after spinal cord injuries by degrading inhibitory CSPGs and allowing axons to grow across the glial scar. [ 39 ] Delivery of the enzyme from a brain-penetrating electrode may provide a similar benefi cial effect by removing barriers to axon growth and regeneration near the recording site. The in situ release of bioactive chABC has proven challenging due to the fact that the enzyme is unstable, degrading rapidly at physiologic temperatures, [ 40 ] but recent work has highlighted the utility of the sugar trehalose as a thermostabilizer for the enzyme. [ 41 , 42 ] Here, we propose silk fi broin as a multifunctional material for fabricating brain-penetrating electrodes that combine dynamic mechanical properties with the capacity for local release of sensitive therapeutics. Silk is both biocompatible and biodegradable, [ 43 , 44 ] with tunable, hydration dependent mechanical properties. [ 45 ] Through controlled crystallization of the protein, it can be programmed to dissolve immediately upon exposure to liquid, or to persist for years in vivo. [ 46 ] Silk can be processed into diverse material formats including fi bers, fi lms, gels and sponges using only water as a solvent and under ambient conditions, [ 47 ] which is conducive to the encapsulation of labile molecules. [ 48 ] In contrast, stiffening materials prepared via evaporation of chemical solvents [ 16 , 28 ] may preclude the incorporation and release of sensitive biologics such as enzymes and growth factors. Furthermore, most previously proposed electrode coating materials dissolve within minutes after hydration, [ 21 , 22 , 25-27 ] making it impossible to achieve extended drug release over days or weeks. Silk's tunable structure allows for control over therapeutic delivery rates. [ 49 , 50 ] Recent work has highlighted the utility of silk as a biomaterial for various applications in the nervous system. Silkbased nerve guides have been extensively studied as scaffolds for regeneration in the peripheral nervous system, [51] [52] [53] [54] [55] [56] and silk has also been shown to support and direct the growth of various cell types from the CNS. [ 57 , 58 ] In the brain, specifically, silk has been utilized to deliver adenosine to reduce epileptic seizures in rats [ 49 ] and as a vehicle for enhancing conformal contact between a planar electrode array and the brain's surface. [ 59 ] In this study, we fabricated and characterized silk coatings with properties that enable the delivery of mechanically dynamic thin-fi lm penetrating probes to the brain. We used an in vitro model of glial scarring around a microwire electrode mimic to assess the CNS infl ammatory response to silk. Finally, we tested the capacity for silk to encapsulate and release the sensitive enzyme chABC to reduce the axon growth inhibiting CSPG components of the glial scar. coated electrodes, the fi t predicted the elastic modulus of silk ( E silk ) to be approximately 1.8 GPa under ambient conditions. This derived elastic modulus and Equation 1 were then used to generate 3D plots showing the predicted buckling force for blunt tipped silk shanks with various dimensions (Figure 2 D , color plots). The three successive color surfaces show, from top to bottom, the predicted buckling force for 3, 4, and 5 mm long probes with thicknesses and widths specifi ed on the x-and yaxes. The theoretical force required to penetrate mouse brain tissue with an implant of a given cross-sectional area is also shown (Figure 2 D, gray scale plot). This plot was calculated using Equation 2 and published force measurements taken during the insertion of a 100 μ m diameter blunt tipped wire into a mouse cortex after removal of the outer meninges. [ 60 ] 
In Vitro Brain Phantom Insertions of Silk-Coated Neural Probes
Uncoated, 3 layer, and 6 layer silk-coated probes were inserted into an agar hydrogel mechanical brain phantom in order to test the effi cacy of the silk coating for facilitating electrode insertion into the cortex. The electrodes were clamped to the Instron crosshead in the same manner as for the buckling force test and lowered onto the gel surface at a rate of 4 mm/min. The uncoated probe was unable to penetrate the surface of the gel ( Figure 3 A) . The 3 layer silk-coated probe penetrated the gel surface, but bent and curled within the gel as the insertion
Mechanical Properties of Silk-Coated Neural Probes In Vitro
Uncoated, 1 layer, 3 layer, and 6 layer silk-coated probes were mechanically characterized using a buckling test in which probes were driven perpendicularly onto a hard, fl at surface at a rate of 0.5 mm/min. Representative force curves for each group are shown in Figure 2 A. For all conditions tested, there was an initial linear increase in force while the probes remained straight before buckling. As the probes continued to be driven onto the surface, the shanks began to buckle and bend. This was characterized by the peak and gradual decrease in force observed for all samples. Eventually, the silk coating on the 3 and 6 layer probes fractured midway down the shank, resulting in a sharp decrease in the force curves.
For practical in vivo applications, neural probes must remain straight during insertion in order to reach a precisely targeted region of the brain. Therefore, the buckling force should not be exceeded during insertion into the cortex. The average buckling force was approximately 42 μ N for the uncoated probe, 3 mN for the 1 layer silk-coated probe, 12 mN for the 3 layer coated probe, and 105 mN for the 6 layer coated probe (Figure 2 B) .
We modeled the buckling mechanics of the silk-coated electrodes using Euler's buckling equation for rectangular beams ( Equation 1 ). Using non-linear regression with the elastic modulus of the electrode as the independent variable, Euler's equation was fi t to a plot of the thickness and buckling force of the 1, 3, and 6 coated electrodes (Figure 2 C) . Assuming that the silk contributed the majority of the mechanical properties to the plots of the predicted buckling force for 3, 4, and 5 mm long silk shanks (longer shanks buckle at lower forces) using the elastic modulus derived in (C) and a fl at tip with the given dimensions. Gray scale surface: Force required for insertion of a fl at tipped probe with the given dimensions into mouse cortex (based on force data reported by Sharp et al. [ 60 ] for a 100 μ m diameter wire inserted at 822 μ m/s).
continued (Figure 3 B) . Finally, the 6 layer silk-coated probe penetrated the gel and remained straight during the entire insertion (Figure 3 C).
Response to Silk Coatings in an In Vitro Culture Model of Glial Scarring Around Microwire Electrodes
The effect of silk fi broin coatings on reactive gliosis was tested using an in vitro model of glial scarring around an electrode mimic, which was previously used to assess the compatibility of various surface coatings. [61] [62] [63] Uncoated and silk-coated ( Figure 4 A) segments of 50 μ m stainless steel microwire electrodes were dropped into day in vitro (DIV) 10 cultures of primary embryonic rat cortical cells. Serum and basic fi broblast growth factor (bFGF) were added to the culture to initiate the scarring response around the microwires [ 62 ] and after one week (DIV 17) the cultures were fi xed and stained for the astrocyte marker glial fi brillary acid protein (GFAP) (Figure 4 B, top) , the microglia marker ionized calcium binding adapter molecule 1 (IBA1) (Figure 4 B, middle) and chondroitin sulfate (CS), the primary component of CSPGs (Figure 4 B, bottom) .
Scarring around the uncoated and silk-coated wires was quantifi ed (Figure 4 C) based on the immunohistochemical staining (Figure 4 B) . Both the uncoated and silk-coated samples elicited a scarring response for all markers analyzed, as evidenced by areas of increased staining in close proximity to the wires relative to background levels far from the wires. A scar index was generated based on the intensity of staining between the edge of the microwire and a cutoff threshold determined relative to the background staining level in each image (see the Experimental Section). No signifi cant difference was observed for the GFAP scar index around uncoated and silk-coated wires. However, the scar index was signifi cantly less for both IBA1 ( p < 0.005) and CS ( p < 0.05) around the silk-coated wires relative to the uncoated wire controls.
Release of Bioactive chABC from Silk
The encapsulation and release of the bacterial enzyme chABC was investigated as a potential approach to ameliorate axonal growth inhibition by CSPGs within the glial scar and to demonstrate the effi cacy of silk materials for delivering sensitive therapeutics. ChABC (500 mU) and trehalose were bulk loaded into silk fi lms, which were then water annealed to make them water insoluble. The fi lms were placed in PBS at 37 ° C and enzyme activity in the buffer was tested over 7 days. ChABC released into the PBS consistently degraded approximately 80% of the technique produces a unilateral coating, allowing the recording sites on the underside of the probe to remain completely exposed. This should maximize the recording capabilities of the probe after implantation by ensuring that silk does not shield the recording sites from the targeted neurons.
Relative to the uncoated state, the layered silk coatings allow the fl exible probes to sustain much greater forces before buckling when tested under ambient conditions. This difference in buckling forces is a result of both the increased modulus imparted by the silk coating, as well as the different dimensions of the coated probes that result from the underlying mold shape and layering of the silk. Because the buckling force is proportional to the cube of the device thickness, just a small change in thickness can produce a large change in the buckling force. This is evidenced by the fact that the 6 layer coated probes buckled at forces a full order of magnitude higher than the 3 layer coated probes, despite being only twice as thick (Figure 2 B) . The E silk of 1.8 GPa predicted by the fi t of Euler's beam buckling equation to the experimental data is on the same order of magnitude as previous reports of the modulus of dry silk fi lms, [ 65 ] providing validation for the use of this model to predict the buckling force for various silk-coated probe dimensions. As evidenced by the plots in Figure 2 D , the predicted mechanical properties of silk shanks are more than suffi cient to allow for penetration into brain tissue across a wide variety of dimensions.
It should be noted that the mechanical properties and buckling calculations for the devices in this study are on the conservative side of the full range of potential for silk materials. While, in this work, no post-coating treatment was applied to the silk devices, a variety of options are available to modulate the mechanical properties of the silk. Such treatments include additional pre-drying steps such as exposure to nitrogen gas [ 66 ] or slow-drying, [ 67 ] or exposure to methanol or water vapor to further alter the crystallinity. [ 45 , 68 ] In addition, the comparison of the predicted buckling forces of the silk shanks with the force required to penetrate cortical tissue (Figure 2 D) is also conservative because it assumes the use of blunt tipped devices. In practice, silk-based penetrating CS substrate throughout the week ( Figure 5 A) . This level of activity was similar to that observed when fresh 500 mU/mL chABC solution was tested. Silk fi lms cast without chABC were used as a control; PBS from these wells had a negligible ability to degrade CS.
The effect of chABC released from silk fi lms was then tested in the in vitro model of glial scarring around a stainless steel microwire electrode. ChABC loaded silk fi lms were fl oated on top of the culture medium in each well after the microwires were dropped onto the DIV 10 mixed neural cultures. Silk fi lms without chABC were placed in the control wells. After one week (DIV 17), the fi lms were removed and cultures were stained for CS (Figure 5 B) . The cultures containing the chABC silk fi lms exhibited an almost 50% reduction in CS staining (Figure 5 C) .
Discussion
The biocompatibility of chronic brain-penetrating electrodes is integral to the long-term reliability and functionality of the device. The mechanical properties, innate immunogenicity, and chemical functionalization of the materials used to fabricate the probe shanks will all infl uence the tissue response in vivo. In this report, we demonstrated that silk possesses a unique combination of material properties that make it well suited for use in a penetrating electrode system.
Silk coatings were applied to pre-fabricated thin-fi lm electrodes via layer-by-layer casting. The coating is conformal and the thickness is controllable based on the concentration of the silk solution and the number of layers applied. Because the casting steps are carried out using PDMS molds, the width and shape of the coating can be adjusted using various well-defi ned rapid prototyping and microfabrication techniques to pattern the underlying PDMS. The utility of the coating technique to a variety of geometries is important, as previous work has shown that the tip shape and surface and cross-sectional area of penetrating probes can affect the glial response. [ 8 , 64 ] Additionally, in contrast to dipping-based coating methods, the casting probes would be cast with angled tips (Figure 1 A) in order to reduce the amount of force necessary to insert the device, as has been demonstrated in numerous studies. [ 60 , 69 ] This technique allows for the insertion of smaller probes than would be predicted to be necessary based on calculations for blunt tipped devices. While features such as tapered tip geometries play a signifi cant role in the buckling mechanics, the basic model provides a good point of reference for designing probe coatings with the necessary parameters to penetrate the brain. The elastic modulus of hydrated silk fi lms has previously been shown to be on the order of 20 MPa, [ 45 , 68 ] a decrease of nearly two orders of magnitude compared to the dry state measured in this work. This difference between dry and hydrated elastic modulus is similar to the mechanical properties demonstrated for other materials proposed for fabricating mechanically dynamic electrodes. [ 19 ] The hydration-mediated transition in mechanics should reduce the strain concentration at the silk-coated electrode-tissue interface, improving long-term reliability. Indeed, the mechanically dynamic nature of the probes is evident from the agar insertion testing (Figure 3 ). While the 3 layer coated probe was stiff enough to penetrate the gel initially, during the course of insertion the tip of the probe hydrated before the shaft was fully inserted, causing bending within the gel. The thicker, 6 layer coated probe took longer to hydrate and transition to a more fl exible state, allowing it to fully penetrate into the gel while remaining straight.
Based on these observations, relatively rapid insertion speeds will be important for future in vivo trials in order to allow the electrode shank to fully penetrate the brain before becoming too fl exible due to hydration. This may be benefi cial, as some studies have shown that faster insertion speeds may cause less acute damage to the brain. [ 70 ] The hydration rate of the coatings may also be modulated by use of the previously discussed postcoating modifi cation techniques to alter the molecular structure of the silk.
In addition to the dynamic mechanical properties, the cellular response to silk coatings in the in vitro model of glial scarring further supports its use in penetrating electrodes. Staining for GFAP, IBA1 and CS was increased around both silkcoated and uncoated microwires relative to background levels (Figure 4 C) . This is likely a result of both increased expression of the molecules of interest as well as an increased density of cells expressing those markers, as would be expected during a physiologic foreign body reaction in the brain. Silk coatings resulted in the same average amount of GFAP staining, a common marker for gliosis and astrocyte reactivity, relative to the uncoated inert stainless steel microwires, indicating that astrocyte proliferation and activation was similar in response to both materials. However, silk coatings stimulated signifi cantly less IBA1 and CS staining around the microwire, suggesting that silk coatings may affect various aspects of gliosis independently. The decreased staining for IBA1 and CS around silk coatings indicates that silk may reduce the activation of microglia and production of inhibitory CSPG molecules during the glial scarring injury response relative to inert electrode implants.
While silk coatings alone appear to reduce some markers of gliosis when compared to stainless steel, the ability to encapsulate and release scar-inhibiting compounds provides an additional avenue for improving the chronic reliability of silk-based penetrating electrodes. The amenability of silk to controlled release strategies using a wide variety of therapeutics [ 50 ] enables novel molecular interventions to the glial scarring process around penetrating devices to be tested. Research in this fi eld has been relatively limited to date, with most approaches aimed at blunting the initiation of glial scarring around the implant with the use of anti-infl ammatories such as dexamethasone. [30] [31] [32] [33] [34] The focus on chABC in this study is based on developments in the fi eld of spinal cord injury, where research has increasingly addressed not only the induction of glial scarring but also the inhibitory aspects of the scar ECM. [ 38 ] We have demonstrated that chABC activity is maintained during loading and processing of silk materials and that release from silk devices is a viable way to deliver enzyme that remains active for at least 1 week at 37 ° C (Figure 5 A) . Further, chABC released from silk fi lms was effective at reducing the amount of intact CS produced by cultured cortical cells in the glial scarring model over 1 week (Figure 5 B,C) . The all-aqueous processing conditions allowed the enzyme to be directly loaded into the silk device during a single fabrication step. This is advantageous compared to other chABC incorporation techniques, such as adsorption and immobilization, [ 71 , 72 ] where loading amounts are unclear and subsequent release may be limited.
Conclusions
We have demonstrated that the innate mechanical properties of silk and low infl ammatory potential, as well as its capacity to encapsulate and release sensitive gliosis-modifying compounds, make it an attractive candidate biomaterial for the next generation of chronic, indwelling neural probes. Such probes should have improved biocompatibility, resulting in reduced glial scar encapsulation and ultimately better long-term reliability. Future work will be directed at verifying this hypothesis in vivo through trial insertions and long-term implantation studies to assess and quantify gliosis around silk implants. This research has applications beyond penetrating electrodes, laying the groundwork for the use of silk fi broin for many CNS applications, such as in shunts and spinal cord nerve guides, where gliosis must be controlled at the tissue-implant interface to achieve optimal outcomes.
Experimental Section
Materials : All reagents were ordered from Sigma-Aldrich (St. Louis, MO), except where noted otherwise.
Preparation of Silk Solution : Silk solution was prepared from Bombyx mori silkworm cocoons according to the procedures described in our previous studies. [ 47 ] Cocoons of B. mori silkworm silk were supplied by Tajima Shoji Co. (Yokohama, Japan). Briefl y, the cocoons were degummed in a boiling Na 2 CO 3 solution (0.02 M) for 15 min. The fi broin extract was then rinsed three times in DI water, dissolved in a LiBr solution (9.3 M) yielding a 20% w/v solution, and subsequently dialyzed (MWCO 3,500 kDa) against DI water for 2 days to obtain regenerated aqueous silk fi broin solution (ca. 8% w/v). The silk solution was concentrated to ∼ 15% w/v by leaving a dialysis cassette on the bench overnight. were incubated at 37 ° C in Neurobasal medium (1 mL) containing B27 supplement, pen-strep (1%), GlutaMax (1%, Invitrogen, Inc., Carlsbad, CA), and bFGF (10 ng, R&D Systems, Minneapolis, MN). At DIV 10, the media was changed to include FBS (10%, Invitrogen) and 2 segments of steel microwire, prepared as detailed below, were allowed to sink to the bottom of each well and rest on the dissociated brain cell cultures.
Coating of Thin-Film Electrodes
Cultures with wires were fi xed at DIV 17 by incubating in paraformaldehyde (4%) for 30 min. After washing with PBS, cells were permeablized and blocked with PBS containing goat serum (4%, Invitrogen) and Triton-X (0.1%). Primary antibodies for GFAP (mouse anti-GFAP), IBA1 (rabbit anti-IBA1, Wako Chemicals USA, Richmond, VA), and CS (mouse anti-CS) were diluted in permeablization buffer (1:1000) and incubated with the cells overnight at 4 ° C. After three PBS washes, cells were incubated with horseradish peroxidase conjugated secondary IgG antibodies specifi c for rabbit and mouse (Santa Cruz Biotechnology, Santa Cruz, CA), diluted in permeablization buffer (1:500), for at least 2 h. Color was developed using a DAB substrate kit, according to the manufacturer's instructions and incubated with cells for 1 h.
Steel Microwire Coating : Stainless steel electrode microwire with a diameter of 50 μ m (A-M Systems, Sequim, WA) was used for the scarring assay. Silk coatings were achieved by dipping the microwire into silk solution ( ≈ 7% w/v), allowing the silk to dry on the wire in a 60 ° C oven for 15 min, and then water annealing for 20 min to crystallize the silk. The dipping procedure was repeated 5 times in order to build up an approximately 2 μ m thick coating of silk around the circumference of the wire. SEM images of uncoated and silk-coated wires were taken using an EVO10 microscope SEM (Carl Zeiss AG).
Glial Scar Model Analysis and Quantifi cation : After fi xing and staining cells, images were taken along the entire length of each microwire using a 10 × objective on a Zeiss Axiovert 40 CFL microscope. The images were analyzed in an automated fashion using custom ImageJ (NIH, Bethesda, MD) and Matlab scripts based on the methods of Polikov et al. [ 62 ] Briefl y, pixel intensity was averaged across the entire image with the microwire registered on the horizontal. The intensity values were then normalized and the position of the microwire was determined to be the 50 μ m region with the lowest pixel intensity values. The background staining level was determined by averaging the pixel intensity of the 100 μ m region farthest from the wire at each edge of the image. Finally, the scar index for each wire was defi ned as the area enclosed between the edge of the microwire and the averaged pixel intensity curve at the point where the intensity reached 90% of the previously determined background value on each side of the wire. In this way, the scar index provides a quantitative means to assess the intensity of staining proximal to the microwires.
The scar index was calculated for each well by averaging the scar indexes of each image taken in the well. The scar indexes for all wells stained for a given molecule were averaged and used for statistical analysis and comparisons. For GFAP, 14 wells were analyzed with silkcoated wires and 14 wells were analyzed with uncoated wires. For IBA1, 7 wells were analyzed with silk-coated wires and 4 wells were analyzed with uncoated wires. For CS, 4 wells were analyzed with silk-coated wires and 4 wells were analyzed with uncoated wires.
Fabrication of ChABC Silk Films : Silk fi lms containing chABC were prepared by modifying a commonly used casting technique developed in our lab. [ 76 , 77 ] Briefl y, chABC (5 U) was dissolved in DI water (250 μ L) containing trehalose (1 M). Next, the chABC solution (100 μ L) was added to silk solution (300 μ L, 6.7% w/v) to yield silk solution (400 μ L, 5% w/v) containing chABC (2 U) and trehalose (250 mM). Films were cast by spreading the silk/chABC solution (100 μ L) onto 14-mm diameter PDMS disks and air drying overnight. The next day, the fi lms were made water insoluble by annealing in a water fi lled dessicator at 24 mm Hg for 3 h. Identical fi lms were made without chABC to serve as controls.
Activity of chABC Released from Silk Films : ChABC-loaded and blank control fi lms were placed into wells of a 24-well plate containing PBS (1 mL) in a 37 ° C incubator. On days 1, 3, 5, and 7, PBS (10 μ L) was removed from each well and assayed for activity using the DMMB assay detailed below. The amount of degraded CS was averaged and plotted for 4 replicates each of the chABC-loaded and blank control fi lms. dishes. After curing overnight at 60 ° C, the PDMS was cut into molds of varying design using a commercial laser cutter (Speedy 300 Laser Engraver, Trotec, Ypsilanti, MI). PDMS molds were also prepared using conventional soft lithography microfabrication techniques, [ 73 ] which allowed for fi ner control of edge morphology and features. A dissecting microscope was used to manually align the electrodes (the fabrication of which has been detailed in a previous publication [ 74 ] ) on the PDMS molds. The electrodes were coated by dipping the head of a pin into 15% w/v aqueous silk solution and drawing the bead of silk down the mold and electrode shank from the base to the tip, as a modifi cation of our layer-by-layer deposition technique. [ 66 ] Coatings were allowed to dry for 15 min before applying another layer.
Microscopy and Thickness Measurements : Coated probes were imaged using the 10 × objective on a Zeiss Axiovert 40 CFL (Carl Zeiss AG, Germany) microscope. Thicknesses of probes coated using a 400 μ m wide blunt tipped mold were measured with QCapture Pro software. Scanning electron microscopy (SEM) was carried out using a Hitachi SU8000 Ultra-High Resolution SEM.
Buckling Force Test and Calculations : Coated (400 μ m wide blunt tipped molds) and uncoated probes were tested under ambient conditions to determine their buckling force (the maximum force exerted by the probes when pinned and loaded in a vertical orientation). This characterization was chosen to mimic the type of loading experienced by the electrodes during insertion into the brain. A custom clamp was fabricated to fi x the probes to the crosshead of an Instron 3366 mechanical testing frame (Instron, Norwood, MA). Samples were then lowered onto a fi xed surface at a rate of 0.5 mm/min. Force data was captured using the 10 N Instron load cell, as well as with a Mettler-Toledo MS204S/03 analytical balance (Mettler-Toledo, LLC, Columbus, OH) to confi rm the accuracy of the load cell measurements. The balance was capable of reading mass to the 10 th of a milligram, allowing micro-Newton forces to be recorded with custom software that interfaced with the scale.
Euler's fi xed-pin beam buckling equation: [ 17 , 19 ] 
was used to fi t a curve to the measured buckling force and probe thicknesses using the least squares nonlinear regression algorithm in GraphPad Prism software (GraphPad Software, Inc., La Jolla, CA) with the elastic modulus as the independent variable. F b is the buckling force, E silk is the elastic modulus (assuming negligible contribution from the polyimide fi lm), h is the thickness, b is the width (400 μ m) and L is the length (5.5 mm) of the probe. Matlab software, version R2009b, (MathWorks, Natick, MA) was used to generate plots from Equation 1 , with the elastic modulus derived from the nonlinear regression, that show the predicted buckling force for silk probes with varying dimensions. The force necessary to insert a probe of a given cross-sectional area into mouse cortical tissue was computed using Equation 2 :
where F i is the insertion force, p i is the pressure required for insertion, h is the thickness of the probe, and b is the width of the probe. p i was assumed to be 106 kPa based on a reported maximum recorded force of 833.7 μ N for a 100 μ m diameter fl at wire inserted into mouse cortex at a rate of 822 μ m/s with the dura and pia removed. [ 60 ] Brain Phantom Insertion Test : Insertion tests were performed using the Instron crosshead and custom clamp to lower coated and uncoated probes at a speed of 4 mm/min onto 0.6% agar gel, a close match to the mechanical properties of the brain. [ 75 ] The outcomes following insertion were photographed.
In Vitro Glial Scar Model Cell Culture : Glial scarring around silk-coated microwires was assessed using a 2D model based on the protocol developed by Polikov et al. [ 61 , 62 ] Briefl y, the cortices of embryonic day 18 rat pups were dissociated in trypsin (0.5%) and plated in 24 well, poly-L-lysine coated plates at a density of 0.5 million cells/well. The cells Dimethylmethylene Blue (DMMB) Assay for ChABC Activity : The catalytic activity of chABC was assessed by measuring the amount of intact disaccharide after incubating a solution of chABC with CS. Briefl y, a solution of CS in PBS (10 μ L, 200 μ g/mL) was mixed with PBS (10 μ l) collected from the silk fi lms fl oating in PBS. The solution was incubated at 37 ° C in a 96 well plate for 1 h. Next, DMMB color reagent (180 μ L), consisting of DMMB dye (16 mg), glycine (3.04 g), NaCl (2.37 g) and HCl (95 mL, 0.1 M) dissolved in DI water (1 L), [ 78 ] was added to the sample. The A 530 was read immediately using a SpectraMax M2 plate reader (Molecular Devices, LLC, Sunnyvale, CA). Absorbance values were converted to CS concentrations based on a previously constructed standard curve.
Effect of ChABC Delivery in the Glial Scar Model : The glial scar model protocol was followed as detailed previously. At DIV 10, chABC-loaded and blank silk fi lms were fl oated on top of the medium in each well after uncoated microwires were dropped onto the cells. The cultures were fi xed and stained for CS at DIV 17. Images were taken along the microwires in each well using identical exposure settings. ImageJ was then used to set a universal intensity threshold and quantify the area of each image with staining above the threshold level. Stained area percentages were averaged for all images in each well and these values were then used for statistical comparisons. Three wells were analyzed for each condition.
Statistical Analysis : Data is presented in graphs as average ± standard deviation. Average values were obtained from three separate replicates, except where otherwise noted. Data was analyzed for signifi cance with GraphPad Prism software using a two-tailed unpaired t-test.
